The coordination chemistry of 6-chloro-2-(quinolin-2-yl)-2,4-dihydro-1H-benzo [d] [1, 3]oxazine (LH 2 ) towards zinc and mercury has been explored. The ligand exhibits high versatility and provides different environments to the metal centre as a function of its diverse coordination modes. In one of the isolated and characterized complexes, [Zn(L OH )Cl 2 ], the zinc
Introduction
Heteropolydentate ligands represent an important tool that allows for the design of suitable coordination compounds. [1] Among others, 1,3-oxazine-based polydentate ligands have been demonstrated to be very useful. They showed high versatility together with remarkable properties when coordinated to transition metals, and their catalytic efficiency was usually proven to be higher when compared to the more extensively used 1,3-oxazolines. Singh et al. reported on vanadium and manganese complexes that contained bidentate N,O-oxazine ligands, [2] whereas the catalytic activity of palladium complexes with bidentate N,Poxazine ligands has also been documented. [3] Moreover, the crystal structure of a zinc(II) complex that contains the same N,P-oxazine species has been described. [4] Commonly, strong donation from the metal centre to the π* orbitals of the oxazine ring has been invoked to justify these uncommon performances. [5] This prompted us to investigate the coordination behaviour of the polydentate ligand 6-chloro-2-(quinolin-2-yl)-2,4-dihydro-1H-benzo[d] [1, 3] oxazine (LH 2 ). This ligand could in principle reveal a broad range of coordination modes, thereby providing the metal centre with a variety of coordination environments (e.g., N,N; N,N,O; N,O; see Scheme 1). We previously explored the coordination chemistry of species LH 2 towards copper(I) and copper(II) centres. [6] There, two different coordination modes were encountered, namely, an N,NH coordination by use of the quinolinic sp 2 nitrogen and the sp 3 nitrogen of the dihydrooxazine moiety, and a N,N coordination in which both the donor atoms were sp 2 nitrogen. Herein, we continue the investigation and report a study on the coordination chemistry of LH 2 towards zinc and mercury. In the course of this study, LH 2 displayed a further iminic "open" structure, with an N,N,O coordination to the zinc centre, thus resulting in a pentacoordinate species. The reactivity of this complex in the presence of bases, together with an X-ray structure determination of the synthesized complexes, are presented. Finally, a parallel survey on mercury(II) complexes allowed for the isolation and characterization of a trinuclear Hg II compound.
Results and Discussion
The reaction at room temperature of LH 2 with ZnCl 2 (1:1) in methanol or acetonitrile results in the formation of a yellow solid. The infrared spectrum of the solid shows an intense, large stretching band at 3319 cm -1 , firstly attributed to the N-H vibration. The very low solubility of this complex allowed NMR spectroscopic investigation only in [D 6 ]-DMSO: The 1 H NMR spectrum exhibits the typical roof pattern (quartet centred at δ = 4.98 ppm) of the CH 2 O moiety as observed in the free ligand LH 2 , together with a doublet at δ = 5.78 ppm ( 3 J = 2.92 Hz) assigned to the CH fragment. Consequently, according to elemental analysis and spectroscopic data, the compound was initially formulated as [Zn(LH 2 )Cl 2 ], with the ligand LH 2 coordinated in the N,NH mode (Scheme 1, a) and the metal was assumed to be tetrahedral. Unexpectedly, the structure determination by means of X-ray single-crystal diffraction revealed a pentacoordination to the metal centre with the ligand present in the iminic (open) form (Scheme 1, c) . The molecular structure of 1 with the corresponding atom labelling scheme is given in Figure 1 together with selected bond lengths and angles. The LH 2 molecule behaves in this case as an N,N,O-tridentate ligand and coordinates to the zinc centre by means of the two nitrogen atoms [Zn-N distances being 2.170(2) and 2.148(2) Å] and the oxygen of the pendant CH 2 OH group [Zn-O distance: 2.171(2) Å]. Pentacoordination of zinc is not unusual and occurs especially in some structural motifs of enzymes active sites; however, to date only a few cases have been reported in the Cambridge Structural Database for compounds with a ZnCl 2 attached to two nitrogen atoms and an OH function. [7] In compound 1, the Addison parameter [8] presents a value of τ = 0.65, thereby suggesting that the real coordination polyhedron is about halfway between a square pyramidal and a trigonal bipyramidal geometry, with a little preference for the latter. Two neighbouring molecules form in the solid state a weak hydrogen-bonded dimer (see the Supporting Information). The Cl1-O hydrogen-bond lengths are 3.079(2) Å with O-H···Cl1 angles of 159(3)°; the total distance between the two Zn atoms is 6.149(3) Å.
Herein, such a coordination mode can be rationalized if one considers the ring opening of LH 2 , which is responsible for the formation of its new iminic arrangement (indicated hereafter for brevity as L OH ) in a process analogous to one already encountered for some pyridinyloxazolidine ligands. [9] Most probably, the presence of a rather acidic ion (due to the relatively small size) like zinc drives the ligand opening to the formation of a Zn-OH bond. The resulting complex is then better described as [Zn(L OH )Cl 2 ] (1). The adsorption at 3319 cm -1 in the infrared spectrum of 1, firstly attributed to the N-H stretching of coordinated LH 2 , is most correctly assigned to the O-H group.
To justify the 1 H NMR spectroscopic data discussed above, in which the presence of the ligand in the original closed form LH 2 is revealed, one should assume the occurrence of a process in which dimethylsulfoxide is involved (Scheme 2). Scheme 2. Probable 1Ǟ2 interconversion mechanism mediated by DMSO.
]DMSO caused the breaking of the Zn-OH bond through the coordination of a DMSO molecule to the zinc centre, thus generating a zinc complex that contains the ligand coordinated in the iminic form with a free pendant CH 2 OH arm. The latter immediately underwent ring closing and converted into the most stable closed form of LH 2 coordinated in the N,NH mode. This species was effectively detected during the NMR spectroscopic investigation, as evidenced by the AB system assigned to the CH 2 O moiety.
Conversely, the reaction of ZnCl 2 with LH 2 in the presence of a base (Et 3 N) results in the formation of a pale yellow solid. The infrared spectrum shows a broad adsorption at about 3420 cm -1 , whereas in the 1 H NMR spectroscopy conducted in (CD 3 ) 2 CO an AB system attributed to the CH 2 O moiety [centred at δ = 4.98 ppm (J AB = 14.9 Hz)] is observed, and the CH proton appears as a doublet centred at δ = 5.77 ppm, the multiplicity of which originates from the coupling with the N-H proton ( 2 J = 2.8 Hz). The coordination to the zinc centre clearly forces the ligand in a sort of "blocked position", thus preventing the rotation along the C-C bond between the quinoline and the oxazine moieties. Furthermore, after treatment with D 2 O and the consequent disappearance of the N-H coupling, the doublet becomes a singlet. On the basis of these observations, the yellow compound is formulated as [Zn(LH 2 )Cl 2 ] (2). [10] Coloured zinc complexes (bearing colourless ligands) are quite rare, due the impossibility of d-d transitions in a closed-shell ion such as zinc(II). However, a few examples are present in the literature, such as for the mixed-ligand complexes of phenanthroline or bipyridyl and 8-hydroxyquinoline or derivatives of 8-amino-2-methylquinoline. [11] [12] [13] As in our case, the yellow colour can be explained by assuming charge transfer from the metal to a low-energy empty molecular orbital of the ligand. On the contrary, the yellow colour of 1 can be likely attributed to π-π* transitions within the coordinated iminic ligand (L   OH   ) . In species 2, the ligand LH 2 is coordinated in an N,NH fashion (i.e., in the same mode found in solutions of 1 in DMSO). It is worth noting that the same species 2 can also be isolated by treatment of the pentacoordinate species 1 with Et 3 N in methanol or acetonitrile. Reasonably, the role of Et 3 N in this reaction is the same as for DMSO as discussed above (i.e., blocking a coordination site on the zinc), thus hampering the coordination of the OH group and hence forcing the ligand closure. To support this assumption, the reaction was conducted by employing N-cyclohexyl-N-ethylcyclohexanamine instead of Et 3 N. Because of the higher steric hindrance, (C 6 H 11 ) 2 NC 2 H 5 behaves essentially as a noncoordinating amine. Indeed, complex 1 (IR evidence) is quantitatively formed. The strict similarity among the 1 H NMR spectra of 2 and 1 (in DMSO) seems to suggest the leaving of coordinated DMSO from the intermediate species in Scheme 2 and the existence, also in DMSO (or in the presence of Et 3 N), of the tetracoordinate species 2. However, the presence in solution of penta-(or hexa-)coordinated zinc(II) species that bear ancillary DMSO (or Et 3 N) ligands cannot in principle be excluded. Unfortunately, all attempts to grow single crystals of 2 failed, but in one of the several efforts, we isolated a crop of yellow crystals that were subjected to X-ray analysis. The molecular structure disclosed a marked difference between the two C-N distances in the oxazine portion of the ligand (see Scheme 3). To confirm this finding, the direct synthesis of 3 was performed. First, ligand LH 2 was oxidized with KMnO 4 to form L following a procedure previously reported for dihydroisoquinolines. [14] Subsequently, species L was reacted with ZnCl 2 in a 1:1 molar ratio in methanol. From the re- sulting suspension a yellow solid was isolated, formulated as [Zn(L)Cl 2 ] (3) on the basis of analytical and spectroscopic data. In particular, the 1 H NMR spectroscopic investigation ( [D 6 ]DMSO) revealed the presence of a singlet centred at δ = 5.56 ppm (CH 2 ) together with the set of quinoline protons, whereas the 13 C NMR spectrum showed a resonance at δ = 65.9 ppm attributed to the endocyclic CH 2 fragment and a resonance at δ = 150.08 ppm assigned to the C=N carbon. Eventually, the molecular structure of complex 3 was confirmed by single-crystal diffraction analysis and the structural information was in total agreement with those previously acquired. An ORTEP [15] drawing of 3 including the atom labelling scheme is given in Figure 2 together with selected bond lengths and angles. The molecular structure of 3 shows the zinc atom to be in a slightly distorted tetrahedral geometry. The geometrical parameters around the zinc atom are comparable to those found in analogous complexes [Zn(C 10 H 8 N 2 )Cl 2 ] [16] and [Zn(C 20 H 20 N 2 )Cl 2 ]. [17] Despite coordination of the imine nitrogen atom to the metal centre, the imine function preserves its C=N double bond character with a C-N distance of 1.281(3) Å. In the crystal packing of 3, the molecules of 3 form a network through π-stacking interactions between parallel aromatic rings of adjacent complexes. Different types of π-π stacking interactions are involved in the multimeric system, the strongest being a face-to-face arrangement between quinoline moieties (see the Supporting Information). The centroid-centroid distances are 3.574 Å.
Oxidative dehydrogenation is rare for a ligand coordinated to a nonredox metal like zinc, and to the best of our knowledge only a single example of such a reaction has been reported to date. [18] Therefore, we decided to better examine the dehydrogenation process, already encountered by us with copper(II) complexes that bear the same ligand. [6] In that case, the process involved the concomitant reduction of the two copper centres of the starting dimer [ 2 )Cl] as a mixture of products. Here, due to the presence of two chlorido ligands bound to the zinc centre, the reduction of the metal is obviously excluded. Therefore, the only possibility to justify the oxidation of ligand LH 2 into L is a reaction that requires molecular oxygen as oxidant. The synthesis of 3 from 1 and Et 3 N was then performed under a constant stream of oxygen. As expected, it was not possible to isolate 2, and all the spectroscopic data of the product are in total agreement with those of complex 3.
Finally, we could reasonably assume that some adventitious oxygen was present during the slow growth of single crystals of 2. As mentioned above, any subsequent attempt to grow single crystals of 2 failed, thus preventing the possibility of an additional comparison of the zinc complexes. However, crystallographic evidence of the N,NH-coordination mode (Scheme 1, a) of LH 2 was obtained conducting the reaction between LH 2 and HgCl 2 .
The choice turned to mercury because of its marked different hard-soft properties with respect to zinc. The first alternative to zinc within Group 12 was represented by cadmium. Nevertheless, its use was excluded as a consequence of its toxicity (which reduces its attractiveness) and especially because, relative to zinc, its hard-soft character does not differ as markedly as it would be with mercury. In fact, due to its longer radius, Hg 2+ has a lower charge density with respect to Zn 2+ , thus showing a softer acidic character (absolute hardness [19] quantitative yields. Its infrared spectrum shows a stretching frequency at 3210 cm -1 assigned to the N-H group, the presence of which is afterwards corroborated by a broad resonance at δ = 6.33 ppm in the 1 H NMR spectrum in (CD 3 ) 2 CO. The characteristic aliphatic signals of ligand LH 2 appear as a singlet at δ = 5.92 ppm (CH) and as an AB system (CH 2 O) centred at δ = 5.11 ppm. The 13 C NMR confirms the incidence of the closed form of the ligand coordinating in the N,NH-bidentate mode (Scheme 1, a; see also the Exp. Section).
This feature, together with the trinuclear nature of compound 4, was eventually confirmed by crystallographic analysis: In the complex, ligand LH 2 is coordinated to the terminal tetrahedral mercury centres, whereas the central mercury atom is surrounded by four chloride anions in a square-planar geometry. Square-planar coordination geometries for Hg II is rare, but have been observed previously. [20] The crystal structure of 4 is presented in Figure 3 together with selected bond lengths and angles. (14); Cl1-Hg1-Cl2 145.17(12), Cl1-Hg1-N1 100.6(2), Cl1-Hg1-N2 102.7(2), Cl2-Hg1-N1 106.9(2), Cl2-Hg1-N2 107.2(2), N1-Hg1-N2 68.0(3), Hg1-Cl1-Hg2 103.32 (11), Cl1-Hg2-Cl3 84.85(10) (i: -x, 2 -y, 2 -z).
In the crystal packing of 4, slipped-parallel π-stacking interactions are observed between adjacent complexes, which involve the chlorophenyl and pyridyl rings of the LH 2 ligands: The centroid-centroid distance being 3.60 Å. The distance observed between the π-π interacting systems is in accordance with the theoretical value calculated for this stacking mode. [21] Moreover, the N-H function of LH 2 forms a strong hydrogen bond with a neighbouring oxygen atom: The N···O distance is 3.00(1) Å with an N-H···O angle of 167.9°. These interactions are summarized in Figure 4 .
Conclusion
In summary, we investigated the coordination chemistry 
Experimental Section
Materials and Measurements: All reactions were carried out under purified nitrogen using standard Schlenk techniques. The solvents were dried and distilled according to standard procedures prior to use. ZnCl 2 and HgCl 2 , 2-quinolinecarbaldehyde, 2-amino-5-chlorobenzyl alcohol, triethylamine and N-cyclohexyl-N-ethylcyclohexanamine (Aldrich) were used as purchased. Ligand LH 2 was prepared according to a well-established procedure. [6] Infrared spectra were recorded with a Shimadzu Prestige 21 FTIR instrument, NMR spectra were acquired with a Bruker 400 Avance instrument and elemental analyses were obtained with a Perkin-Elmer CHN Analyser 2400 Series II instrument.
[ X-ray Crystallography: Crystals of complexes 1, 3 and 4 were mounted on a Stoe Image Plate Diffraction system equipped with a φ circle goniometer, using Mo-K α graphite-monochromated radiation (λ = 0.71073 Å) with φ range of 0 to 200°. The structures were solved by direct methods using the program SHELXS-97, whereas refinement and all further calculations were carried out using SHELXL-97. [22] The H atoms were located on a Fourier difference map or included in calculated positions and treated as riding atoms using the SHELXL default parameters. The non-H atoms were refined anisotropically using weighted full-matrix leastsquares on F 2 . In 4, the residual electron densities greater than 1 eÅ -3 are all located at less than 1 Å from the mercury atoms. Crystallographic details are summarized in Table 1 . Figures 1, 2 and 3 were drawn with ORTEP-32. [15] CCDC-765623 (for 1), -765624 (for 3) and -765625 (for 4) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Supporting Information (see also the footnote on the first page of this article): Hydrogen-bonded dimer of solid 1 ( Figure S1 ) and π-π stacking interactions in complex 3 ( Figure S2 ).
